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Abstract 
The pursuit to maintain the initial performance standard of American football helmets has prompted the implementation of a 
certified reconditioning and recertification process.  Thus, the purpose of this study is to: (i) develop a method to replicate 
solvent exposure during the reconditioning painting process, (ii) compare selected solvent exposure intensities, and (iii) 
quantify shifts in material and impact properties of an American football helmet outer shell material.  Spraying yielded 
uniformly exposed samples and was substantiated for investigation of solvent effects.  Exposures of n-Butyl acetate to the 
helmet-grade material surface led to shifts in colorimetric, dimensional, thermal, and tensile properties.  Impact performance of 
helmet surrogate systems performed equivalently.  Overall, results substantiated spraying as representative of the reconditioning 
process and demonstrated shifts in material properties via solvent-induced degradation of helmet-grade outer shell materials.   
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1. Introduction 
Efforts to mitigate the high prevalence of sports-related concussion in American football include recommended 
cyclical evaluation of protective head gear and restorative treatment.  The pursuit to maintain the initial 
performance standard (ND001 (2013), ND002 (2012)) of American football helmets has prompted the 
implementation of a certified reconditioning and recertification (RR) process (NAERA (2013), ND004 (2012)).  
Repetitive RR is recommended (Rausch (2011)) and even required to retain the helmet shell warranty (Riddell, 
(2011), Schutt (2011), Xenith (2011)) throughout the lifespan of a helmet to purportedly maintain its service life.  
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However, discontinuity exists between helmet manufacturers, athletic equipment organizations, and state 
governments, regarding the recommended frequency of RR, RR processes, and the maximum allowable lifespan of 
a helmet outer shell (Riddell (2011), Schutt (2011), Xenith (2011), NAERA (2013), Fisher (2011), Texas (2011)).  
Scientific research is necessary to establish proper RR guidelines and facilitate improved policy changes. 
Review of publicly available literature (Riddell (2012), Schutt (2012), Xenith (2012)) combined with anecdotal 
observations has elucidated that comprehensive standards directing consistent, mandatory RR practices across 
certified facilities do not currently exist.  Furthermore, current reconditioning exposures to helmet outer shells lack 
peer-reviewed, publicly available scientific data that serve to validate their safe implementation or efficacy.   
Reconditioning steps for an outer shell requiring repainting can include: (i) washing with pressurized hot water 
to perform initial cleaning, (ii) sanding and/or sand blasting to remove prior paint, as well as scratches and gouges, 
(iii) sanitizing with ozone to eliminate bacteria, and (iv) solvent exposure via spray painting and/or application of 
decals and stickers.  A review of the scientific literature for polycarbonate (PC) and polyethylene terephthalate 
(PET), the primary components in engineered PC blends (the most common outer shell materials), reveals that 
processes mirroring reconditioning steps may serve to accelerate polymer aging and degradation (Wypych (2008)).  
Exposure of PC and PET to soluble organic solvents is reported to increase crystallinity and shift mechanical 
properties (Ouyang (2004), Hwang (2013)).  Known as solvent-induced crystallization (SINC), solvent will diffuse 
into the material, plasticize and provide mobility to polymer chains, and elicit thermodynamically-favourable 
rearrangements in the physical structure and morphology that alter molecular packing.  However, the degradative 
effects of expected solvent exposures on the functional properties of helmet-grade materials are unknown.  Thus, 
the purpose of this study is to: (i) develop a method to accurately replicate solvent exposure during the 
reconditioning painting process, (ii) compare selected solvent exposure intensities, and (iii) quantify shifts in 
colorimetric, thermal, mechanical, and impact properties of an American football helmet outer shell material. 
2. Experimental 
2.1. Materials and Solvent (n-Butyl acetate) Exposures 
Helmet-grade PC/PET blended material was procured in pellet form (Makroblend DP UT153, Bayer 
Corporation) and injection moulded following the manufacturer’s suggested parameters into 4" x 6" x 1/8" 
plaques.  The chemical composition of the plaque was primarily PC and confirmed to match a current helmet 
manufacturer’s off-the-shelf outer shell (Krzeminski (2014)).  The plaque thickness was selected to match the 
measured thickness of an American football helmet outer shell.  The solvent utilized in this study was n-Butyl 
acetate (Reagent Grade, Fisher Scientific).  This was selected to match the primary solvent component in coatings 
formulations currently used to spray paint reconditioned American football helmet outer shells (Akzo (2011)). 
n-Butyl acetate was exposed to plaques via three separate methods - spray coating, surface pooling, and full 
immersion - to represent an increasing degree of exposure intensity.  Plaques (N=35) were randomly assigned into 
five groups (n=7): (1) Pristine (no solvent exposure) (2) Spray (3 coats), (3) 5 mL Pool, (4) Immerse - 1 hr, and (5) 
Immerse - 2 hr.  Spray coating of plaques was performed in a ventilated booth using a standard spray gun in an 
attempt to match expected spray painting conditions during helmet reconditioning practices.  The gun nozzle 
produced a full cone shape and the air pressure was dialled down to produce a solvent mist that evenly covered 
each plaque surface.  The solvent was observed to evaporate off in ca. 30 seconds.  A total of 3 coats were applied 
at an interval of one minute.  For 5 mL Pool samples, plaques were laid flat in a chemical fume hood and a 5 mL 
pool of n-Butyl acetate was applied to the entire plaque surface.  The solvent was observed to evaporate in ca. 20 
minutes.  For Immerse 1 and 2 hr samples, plaques were placed upright in a container of n-Butyl acetate.  After 
immersion, plaques were removed and placed upright in a drying rack in a chemical hood.  The solvent evaporated 
in ca. 10 minutes.  All samples were air dried following exposure for one week to minimize residual solvent. 
2.2. Colorimetric, dimensional, thermal, and tensile property characterization 
Surface colour change was quantified per CIELAB scale using a handheld BYK Gardner Spectro-guide 
spectrophotometer.  Dimensional surface changes were observed using a Zeiss LSM 710 optical microscope and 
quantified using AxioVision software.  For sample preparation, plaques were cross-sectioned with a band saw. 
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Thermal property changes were quantified via modulated differential scanning calorimetry (MDSC) in heat-
only mode at a heating rate of 3 °C/min with amplitude of 0.48 °C every 60 sec.  MDSC data was collected on TA 
Instruments DSC Q2000 and analysed using Universal Analysis 2000 software.  Samples were acquired using a 
microtome whereby the slice depth was set to 50 ȝm and the top 50 ȝm of the surface was removed. 
Tensile properties were measured on a MTS Insight 10 using a monotonic pull-to-break test at an initial gauge 
length of 50 mm with a testing speed of 5 mm/min (strain rate of 0.1 min-1).  Stress-strain data was collected using 
TestWorks 4 software.  Modified ASTM-D638 (2011) Type I specimens (strips: 4" long x 0.5" wide x 1/8" thick) 
were harvested from plaques using a bandsaw and edges were hand polished with 240 grit sandpaper. 
2.3. Linear drop impact testing 
Impacts were performed upon a football helmet surrogate plaque-foam system comprised of a plaque stacked 
atop 25.4 mm vinyl nitrile (VN600) foam (Fig. 1) (Krzeminski (2014)), using an engineered Instron Dynatup 
9250HV instrumented drop tower (Krzeminski (2011)).  The drop mass assembly of 5.0 kg contained a tup and a 
nylon dart (Nylon Face, Thor Hammer Company) (ND084 (2006), Post (2013)).  Plaque-foam systems were 
impacted at 5.5 m/sec (ND002 (2012), F1446 (2011)) against a modular elastomer programmer (MEP) pad anvil 
(ND001 (2013)).  Impact velocities were measured using an optical velocity flag.  Selected trials were captured 
with a Phantom v5.1 high speed camera at 2100 fps.  Force-time data were collected via Instron Impulse software 
and smoothed with a Savitzky-Golay filter at 101 points of window under a polynomial order of 2. 
 
 
Fig. 1. Instron Dynatup 9250 HV instrumented drop tower system shown with a Pristine plaque-foam helmet surrogate system at pre-impact. 
2.4. Statistical analysis 
Several one-way analysis of variance (ANOVA) were performed across solvent exposures (Table 1).  Alpha 
level was set a prLRUL DW Į    DQG HIIHFW VL]HV ZHUH FDOFXODWHG XVLQJ &RKHQ¶V I  3RVW-hoc analyses were 
performed via Tukey HSD tests.  Results were reported as mean ± one standard deviation, unless otherwise noted. 
 
Table 1. Summary of measurement techniques, independent and dependent variables, sample sizes, and statistical analysis performed. 
Measurement 
Technique 
Independent 
Variable(s) 
Dependent 
Variable(s) 
Sample 
Size 
Statistical  
Analysis 
Colorimetric:  
CIELAB Solvent (n-Butyl acetate) 
exposures  
(5 levels): 
 
(1) Pristine (no solvent) 
(2) Spray coat 
(3) 5mL Pool 
(4) Immerse – 1 hr 
(5) Immerse – 2 hr 
(1) L* Value (whiteness) n=5 one-way ANOVA 
Dimensional: 
Optical Microscopy (1) thickness of surface swelling 
n=5 none 
Thermal: 
MDSC 
(1) band peak area 
(2) band peak temperature 
n=3 two one-way ANOVAs 
Mechanical: 
Tensile testing 
(1) Young’s modulus 
(2) yield stress 
(3) ultimate tensile stress 
n=5 three one-way ANOVAs 
Impact performance: 
Linear drop impacts 
(1) peak force n=5 one-way ANOVA 
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3. Results 
3.1. Colorimetric and dimensional characterization 
Visual inspection of solvent-exposed plaques (Fig. 2) revealed a trend of increased whiteness with increased 
solvent intensity exposure.  The surfaces of Spray and 5 mL Pool appeared hazy with a substantial loss in gloss, 
while the immersed samples contained a solid, chalky white layer.  Colorimetric analysis quantified and confirmed 
the trend of an increased degree of whiteness, and revealed significant changes in L* value (F4,20=672.43, p<0.05, 
f=11.91).  Post-hoc analysis revealed L* differences (p<0.05) between all ten combinations (Table 2). 
 
 
Fig. 2. Solvent-exposed plaque surfaces (left-to-right): Pristine, Spray (3 coats), 5 mL Pool, Immerse - 1 hr, and Immerse - 2 hr 
Optical microscopy revealed a well-defined non-solvent/solvent boundary on the helmet-grade plaques exposed 
to n-Butyl acetate (Fig. 3).  Swelling of the exposed surface material was observed to increase with increasing 
solvent exposure intensity and extended to over 40 ȝm for Immerse - 2 hr (Table 2).  The exposed, swelled 
material was white and appeared to penetrate into the plaque surface slightly beyond the original surface. 
 
Table 2. L* and swelling thickness across solvent exposures. 
Solvent  
Exposure L* Value 
Thickness of 
swelling (ȝm) 
 
Pristine 78.8 ± 0.1 1 - 
Spray (3 coats) 80.6 ± 0.6 1 3.9 ± 0.8 
5 mL Pool 82.5 ± 0.5 1 22.5 ± 4.3 
Immerse - 1 hr 88.6 ± 0.7 1 35.4 ± 3.1 
Immerse - 2 hr 91.9 ± 0.4 1 41.0 ± 2.5 
* Matching superscript number denotes Tukey HSD Fig. 3. Cross-section of Immerse - 1 hr plaque surface showcasing the 
 post-hoc combination was statistically different (p<0.05) non-solvent/solvent boundary and thickness of surface swelling. 
3.2. Thermal property characterization 
Examination of MDSC thermograms across solvent exposure levels revealed several notable bands (Table 3):       
(1) exothermic peak temperature decrease and peak area disappearance around 200 °C, (2) endothermic peak 
temperature increase and peak area emergence around 215 °C, and (3) the presence of an endothermic peak around 
255 °C.  Statistical analysis revealed no significant differences across solvent exposures for band 3 peak 
temperature and peak area. (See discussion section for descriptive MDSC band nomenclature in Table 3). 
 
Table 3. MDSC thermogram peak areas and temperatures across solvent exposures. 
Solvent 
Exposure 
Band 1 Exotherm (PET TCC) Band 2 Endotherm (PC/PET TSINC) Band 3 Endotherm (PC/PET Tm) 
Peak Temp (°C) Peak Area (J/g) Peak Temp (°C) Peak Area (J/g) Peak Temp (°C) Peak Area (J/g) 
Pristine 206.1 ± 0.5 8.0 ± 1.5 -      - 258.2 ± 0.3 8.3 ± 4.3 
Spray (3 coats) 200.9 ± 3.7 4.0 ± 1.4 215.0 ± 1.7 0.9 ± 0.4 258.3 ± 0.7 7.4 ± 2.4 
5 mL Pool 195.8 ± 5.1 0.9 ± 0.2 217.2 ± 0.5 6.8 ± 3.3 256.5 ± 1.1 5.8 ± 2.1 
Immerse - 1 hr - - 217.8 ± 0.5 11.4 ± 0.9 257.5 ± 0.7 5.7 ± 3.3 
Immerse - 2 hr - - 218.2 ± 1.0 11.7 ± 4.3 258.5 ± 0.9 7.8 ± 2.6 
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3.3. Tensile mechanical property characterization and linear impact performance 
Tensile analysis revealed significant differences in yield stress (F4,20=24.77, p<0.05, f=2.22), and ultimate 
tensile stress (UTS) (F4,20=18.96, p<0.05, f=1.92).  Post-hoc analysis for yield stress and UTS revealed differences 
(p<0.05) for immersed sample combinations (Table 4).  The characteristic stress-strain curve shapes across solvent 
exposures were observed to be equivalent.  However, yield stress and UTS decreased as solvent intensity increased. 
Table 4. Tensile and impact properties across solvent exposures. 
Solvent  
Exposure 
Young’s modulus 
(MPa) 
yield stress 
(MPa) 
ultimate tensile stress 
(MPa) 
Peak Force 
(N) 
Pristine 1396.1 ± 24.6 51.0 ± 0.4 1 40.9 ± 0.4 5 5221 ± 68 
Spray (3 coats) 1383.7 ± 38.1 50.7 ± 0.5 2 40.5 ± 0.4 6 5185 ± 47 
5 mL Pool 1402.7 ± 19.1 50.2 ± 0.6 3 40.2 ± 0.7  7 5147 ± 38 
Immerse – 1 hr 1402.5 ± 29.3 49.2 ± 0.4 1, 2, 3, 4 39.0 ± 0.6 5, 6, 7, 8 5155 ± 54 
Immerse – 2 hr 1392.2 ± 24.5 48.3 ± 0.4 1, 2, 3, 4 38.1 ± 0.5 5, 6, 7, 8 5165 ± 66 
* Matching superscript number denotes Tukey HSD post-hoc combination was statistically different (p<0.05) 
 
Equivalent force-time curve shapes were observed for plaque-foam systems (Fig. 4a) and no significant 
differences in peak force were found (Table 4).  High speed video revealed plaque deformation and VN600 foam 
compression during impact testing (Fig. 4b), yet each plaque recovered to the original shape.  Additionally, the 
backside of impacted plaques displayed impact-induced rings of whitening that matched the drop dart (Fig. 4c). 
 
 
Fig. 4. (a) Smoothed force-time curves of single plaque-foam systems across solvent exposures; (b) Maximum compression and deformation of 
a pristine plaque-foam system during impact; (c) Backside of Immerse – 1 hr post-impact, highlighting the impact-induced rings of whitening. 
4. Discussion 
The ability to properly assess the effects of solvent exposure on a helmet-grade polymer substrate required the 
isolated study of one solvent.  The application of a complete off-the-shelf helmet-grade coating formulation to the 
plaque surface and subsequent non-invasive, non-destructive evaluation of the surface-coating interface is still to 
be desired.  Therefore, n-Butyl acetate was selected because it is the primary solvent component of a commercial/ 
off-the-shelf coating formulation, and it constrained the treatment to a single variable (Table 1).  The parameters 
for spraying were selected in an attempt to replicate the helmet reconditioning spray painting process.  The 
observed uniform solvent application to the surface substrate, the rapid dry time of 30 seconds, and a uniformly 
degraded plaque surface (Fig. 2) substantiated the spray coating process to properly investigate solvent effects. 
Visual whitening of plaque surfaces was observed with increased solvent exposure intensity (Fig. 2).  The large 
effect size for L*, along with post-hoc differences (p<0.05) across all combinations (Table 2), demonstrated that 
solvent exposure induced a substantial topographic texture and color change of the helmet-grade material surface.  
PC and PET systems exposed to soluble organic solvents have been reported to whiten as a result of the creation of 
cavitations, or voids, at the surface that serve to scatter light (Wypych (2008)).  Additionally, dimensional analysis 
revealed an increasing thickness of resulting whitened material (Table 2) developed due to increasing n-Butyl 
acetate exposure intensity (Figure 3).  For Immerse - 2hr samples, we postulate that the >40 ȝm swelling on each 
surface resulted in a minimum solvent-induced degradation of ca. 4% of the total plaque thickness.   
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The morphological complexity of the helmet-grade material was manifested via each of the distinctive bands in 
the MDSC thermograms. The band-1 exotherm was characteristic of the cold crystallization temperature (TCC) of 
PET (Krzeminski (2014)).  The band-2 endotherm that developed was postulated to correspond to the melting 
temperature of newly formed solvent-induced crystallites (TSINC) or the release of residual solvent bound in TSINC 
crystallites (Ouyang (2004)). The band-3 endotherm matched the melting temperature of PET and PC crystallites 
(Tm) (Hwang (2013)).  We postulate that the concomitant disappearance of the TCC exotherm and emergence of the 
TSINC endotherm (Table 3) directly corresponds with the initiation and progression of SINC of the surface material. 
The large effect sizes for yield stress and UTS (Table 4), along with post-hoc decreases (p<0.05) for immersed 
samples, demonstrated that n-Butyl acetate induced significant shifts in mechanical properties.  The systematic 
tensile property decreases corresponded to the systematic increases in L* (whiteness) and swelling thickness, as 
well as the concomitant TCC and TSINC behavior.  Immerse - 2hr sample results suggest that the ca. 4% thickness 
postulated to be solvent-degraded led to a 5% decrease in yield stress and a 7% decrease in UTS.  We posit that the 
uptake of n-Butyl acetate into the plaque surface caused an averaged decrease in the density of molecular packing 
and chain entanglement concentration (Wypych (2008)), resulting in the reductions in yield stress and UTS. 
The impact performance of solvent-exposed helmet surrogate plaque-foam systems was analyzed using a 
protocol attempting to employ expected on-field impact conditions (Fig. 1).  The impacting mass and velocity, as 
well as the dart and anvil, matched established and proposed helmet testing standards (ND001 (2013), ND002 
(2012), ND084 (2006), Post (2013)).  The absence of significant differences in peak force (Table 4), along with 
equivalent force-time curve shapes (Fig. 4a), revealed that helmet surrogate systems across solvent exposure levels 
responded similarly.  Interestingly, solvent-exposed systems were visually observed to produce lower mean peak 
forces (Table 4); however, further investigation is required to confidently elucidate the potential shift in impact 
properties.  Results suggested that solvent exposures did not alter plaque impact performance; however, we 
postulate that aggressive strain rates may have precluded quantifiable differences.  This is supported by the 
observed level of deformation during impact (Fig. 4b) and the rings of whitening on the backside of impacted 
plaques (Fig. 4c).  Based on the viscoelastic nature of polymeric helmet-grade materials, we posit that lower 
impact-induced strain rates will potentially reveal quantifiable differences of solvent-exposed material, as 
reductions in bulk mechanical performance were elucidated via modified ASTM D638 tensile testing at 0.1 min-1.  
Thus, future testing will aim to reduce impact-induced strain rates by further adapting the impact protocol to 
elucidate a potential threshold where the altered impact performance of solvent-degraded plaques is identified. 
In summary, exposures of n-Butyl acetate led to visible plaque whitening, a surface swelling of up to ca. 4% of 
the total plaque thickness, the postulated formation of TSINC crystallites, and a statistically significant decrease in 
tensile properties.  Further investigation will include additional material and mechanical property characterization, 
examine exposures to equivalent off-the-shelf solvent cocktails, and further exploration of full helmet outer shells. 
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